Opto-mechanical transducers for long-distance quantum communication 
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We describe a new scheme to interconvert stationary and photonic qubits which is based on 
indirect qubit-light interactions mediated by a mechanical resonator. This approach does not rely 
on the specific optical response of the qubit and thereby enables optical quantum interfaces for a 
wide range of solid state spin and charge based systems. We discuss the implementation of state 
transfer protocols between distant nodes of a quantum network and show that high transfer fidelities 
can be achieved under realistic experimental conditions. 
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Many quantum information applications rely on effi- 
cient ways to distribute quantum states either within a 
large computing architecture or over long distances for 
quantum communication. For this purpose optical 'fly- 
ing' qubits play a unique role and the ability to intercon- 
vert 'stationary' qubits and photons is a key element in 
quantum computing and quantum communication archi- 
tectures. Light-matter interfaces and state transfer pro- 
tocols have been proposed and first implemented with 
atomic systems using cavity QED (1| i2, . In light of the 
remarkable progress in nano-engineered solid state quan- 
tum systems, the challenge is now to develop equivalent 
optical interfaces for a broad range of solid state spin 
[5] and charge [H [S] based qubits. A promising avenue 
towards this goal is provided by opto-nanomechanics 
[5], where a nano-scale mechanical oscillator can be co- 
herently coupled to light. As described below, this pro- 
vides a natural setting for an opto-mechanical transducer 
(OMT) , where indirect qubit-photon interactions are me- 
diated by vibrations of a macroscopic mechanical device. 

The setup of Fig.[l]describes a quantum network where 
the nodes are represented by solid state qubits and the 
quantum channel by an optical fiber. The qubits are en- 
coded in electronic spin or charge degrees of freedom and 
coupled to the motion of a mechanical beam via mag- 
netic ini [TU] or electrostatic forces [11] [121 . At the same 
time the resonator interacts with the evanescent field of a 
toroidal micro-cavity as recently demonstrated by Anets- 
berger et al. 6J . Excitations from the qubit can be trans- 
fered to the mechanical oscillator and then mapped onto 
a traveling photon in a process which does not rely on 
optical properties of the qubit and allows the qubit to be 
spatially separated from the light field. Therefore, this 
scheme is suited for various solid state spin, charge or 
superconducting qubits which do not interact coherently 
with light and provides a basic building block for many 
optical quantum communication applications. 
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FIG. 1. a) A quantum network where spin or charge based 
qubits and photons are coupled by an opto-mechanical trans- 
ducer (OMT). The OMT is realized by a nano- mechanical 
beam evanescently coupled to a circulating mode of a toroidal 
microcavity. b) At each node the OMT mediates coherent 
coupling between the qubit and photons in the fiber, but also 
adds noise and loss channels in form of mechanical dissipation 
{Tth) and intrinsic cavity decay (kq). See text for details. 



is the implementation of a state transfer protocol 
(a|0), -I- I3\l)i) |0)j ^ \0)i[a\Q), + between two re- 

mote qubits i and j. This is achieved by converting the 
qubit state into a photon via the OMT which then 
propagates along the fiber and is reabsorbed at the sec- 
ond node. As first outlined in atomic cavity QED [l], 
the theory of cascaded quantum systems [1 J provides a 
natural framework to describe these processes and in the 
case of atomic qubits can be used to identify a set of laser 
control pulses which achieve a state transfer with unit fi- 
delity. Here we show that OMTs allow us to generalize 
these ideas for a much broader range of qubits. 

Model. We model the setup shown in Fig. [T^) by a 

Hamihonian H = Y^iLiHl^dc + where i?nodc de- 
scribes the dynamics of node i and i?fib accounts for the 
coupling between the cavities and the fiber. Following 
previous work [Slinilll] we obtain for each node [h = I) 
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A fundamental task in optical quantum networks 



where are Pauli operators for the qubit i, and and 
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Ci the bosonic operators for the resonator and the cav- 
ity modes, respectively. In Eq. ([!]) iJ* = where 
is the tunable qubit splitting, is the mechanical 
vibration frequency and A characterizes the strength of 
the qubit-resonator coupling which can be of magnetic [9] 
or electrostatic origin [TI]. The last term in Eq. ([T]) de- 
scribes the linearized opto-mechanical (OM) interactions 
for a driven cavity mode [5]. Here, Gi = aigo is the en- 
hanced OM coupling for a mean cavity field amplitude 
and 5o = oo X dujc/dx is the shift of the cavity frequency 
LOc associated with the mechanical zero point oscillation 
ao. For each node the coupling Gi and the detuning 
/S.], = uJc~L^L—'^\Gi\'^/ijJr can be controlled by the strength 
and the frequency lol of local driving fields. Note that 
the parallel beam orientation as in Fig. 1 causes negligi- 
ble scattering between right and left circulating modes [6] 
which allows us to consider a single cavity mode only [M] . 

We assume that the laser-driven cavity modes couple 
dominantly to the right propagating field in the fiber, 
fRit.z) = ^ /o°° /.e— (*-^/^) dc., where [f^jl] - 

5{u:-u:'). Then, i/fib = ^^/2^fY.^(.c\fR{t.z,)^Y{.c.), 
where 2k f is the decay rate into the fiber and Zi < z^+i 
are the cavity positions along the fiber. For each node 
we define in- and out-fields fin,i{t) = fnitjZi + 0~) and 
fout,i{t) = fnit, 2j +0+) and model the resulting dissipa- 
tive dynamics by quantum Langevin equations 

Ci = i[i?nodci Ci] ~ KCi ~ y/2K}finA{t) - V2KofoA{t), (2) 

together with the relation fout,i{t) — fin,i (t) + ^2k fCi (t) . 
For the first cavity, fin,i{t) is a (5-correlated noise oper- 
ator acting on the vacuum state while the input for the 
successive cavities is determined by the relation fin,i{t) — 
fout,i-i{t—{zi — Zi-i)/c). In Eq. ^ we have introduced a 
total decay rate k = kq -I- and the vacuum noise opera- 
tors fo,i{t) to account for an intrinsic cavity loss rate kq. 
We must also include damping of the resonator modes 
which for a mechanical quality factor = ^rllm is 
described by the Langevin equations 

h - *Kodc, h] - ^b, ~ vi^m ■ (3) 

Here, {^l{t)^j{t')) NthSrjS{t ~ t') and for tempera- 
tures T > huJr/kB we identify below Fj/j = jmNth ~ 
ksT /hQm as the relevant mechanical decoherence rate. 

Eqs. ([l])-([3]) describe a cascaded quantum network 
[T5] where at each node the OM system acts as a lin- 
ear transducer between the fiber in- and out-fields, the 
qubit state as well as thermal noise (see Fig. lb)). In 
the absence of the qubits mechanical excitations of the 
OMT are converted into photons in the fiber with a rate 
7op « min{|GjpK/(K2 + (A* - Wr)^), k/2}. This rate is 
given by the smallest real part of the eigenvalues of the 
linear system ([2|-([3| for A — >■ and is equivalent to the 
OM cooling rate in the weak and strong coupling regime 
[16j . To proceed, we focus on the experimentally rele- 
vant regime where A ^ 7op, where we can adiabatically 



eliminate the fast dynamics of the coupled OM degrees of 
freedom. As a result we obtain a master equation for the 
reduced qubit density operator p [15^, which we display 
here for the relevant case of two qubits: 

p ~ - i{H,sp - pHl^) + SpS^ + £noisc (p) . (4) 

Here, ^T.^H\- ^Ji2{o\(yl-a\al)- \S^S is an 
effective (non-hermitian) Hamiltonian and the collec- 
tive jump operator S = y/rjTial, accounts for dis- 
sipation due to photons lost through the fiber. Fur- 
ther, f] — Kf/n and the decay rates F.^ = 2Re{Sii{u}q)} 
as well as the photon mediated qubit-qubit coupling 
Ji2 — |'S'2i(wg)| — Ty-v/FiT^ are given by the spectrum 
S,,iuj) = ^irdT{MT),b]{0)])oe'^^, and the res- 
onator equilibrium correlation functions (6i(r)6|^(0))o fol- 
low from the linear Langevin equations ([2| and ([3| in the 
limit A — > 0. The last term in Eq. Q summarizes all de- 
coherence processes in the system and can be written as 
A.oisc(p) ^lE^'^^N^i[al,[p,<]]+^■C■)+CM■ Here, 
^i^oip) ^(2crLpcr!^-{CT+cr!_,p}) accounts for 

photon losses while other noise sources discussed below 
are described by effective thermal occupation numbers 
N, = (AV2r,0 X Re/~ dr(&J (T)6,(0))oe-'"'^ Since co- 
herent processes occur on a timescale F"^ the parameters 
Ni and (1 — ??) quantify the imperfections of the system. 
Note that in Eq. Q we have absorbed a small shift of 
the qubit frequencies into the w*, and phases 9i into the 
qubit operators, e*^' ct!_ — >■ cr!_ , to obtain real J12. 

Discussion. The first two terms in Eq. Q represent 
the dynamics of an ideal cascaded qubit network [TJ [T3] . 
The coherent and incoherent dynamics of the system is 
fully determined by the effective decay rates F^, which 
for 7„i <C 7op can be approximated by 

J. A2 k]G£ 

2 (|G.P + (A^,--c.^)(c.J-c.,))2 + k2(^._^^)2- 

(5) 

For A* « ujr exact values for Fj are plotted in Fig. pk) 
as a function of \Gi\ and Uq. Its behavior reflects the ex- 
citation spectrum of the coupled OM modes at the qubit 
frequency ujq. For \Gi\ < k/2 we have a single reso- 
nance at ujq = LUr and a width -jop ~ \Gi\'^ /k. For larger 
I Gil a mode splitting occurs and two resonances appear 
at uj± ~ y/u}^ ± 2\Gi\u!r [16 . This splitting indicates a 
hybridization of the mechanical and optical mode which 
then both decay with a rate jop — k/2. 

By adiabatically adjusting different OM parameters 
the qubit decay rate can be tuned within a wide range 
Frcs ^ Fi(t) < A^/(27op) < K, with a small residual de- 
cay Frcs ^ 7m due to mechanical damping [T5]. Hence, 
this setup is analogous to the cavity QED setting of 
Ref. [I] and similar arguments lead to optimal control 
pulses for state transfer protocols. We illustrate this for 
two nodes with zi < zi and write the two qubit wave- 
function as \'il)(t)) = a|00) -1- ^(wi(t)|10) -f W2(t) |01)). 
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FIG. 2. a) EfTective single-qubit decay F as a function of 
G and Ldq for the parameters Hf = O.OSljr, ko ~ 7m ~ 0, 
with cavity and resonator being in resonance (Ac = ujr) at 
G = 1.5k/. The dotted Hne indicates the control pulse shown 
in (c). b) Pulse shapes for Fi,2(t) which implement a perfect 
state transfer V2{tf) ~ 1 as described in the text, c) Control 
pulses for Gi,2(t) which generate the ri_2(i) shown in (b). 
The dashed lines indicate the corresponding noise terms which 



appear in Ln 



The parameters used for this plot are ujq' = 



1.5/t/, Tth/i^f = 0.01 and all others as in (a). 



Initially, wi(0) = 1 and ^2(0) = and our goal is to find 
pulse shapes for Ti,2{t) which achieve vi{tf) = and 
i'2(i/) = 1 at some final time tf. A necessary condition 
for a perfect state transfer is that the system remains in 
a pure qubit state, p{t) = \ip{t)){ip{t)\. For the ideal case 
('Cnoiso = 0, 77 = 1) this is achieved when the dark state 
condition 5 (i) I V'(t)) = {^/T^al+y^T^al)\1Pit)) = 
is fulfilled yt. Together with the Schrodinger equation 
dt \ip) — ~iHcff{t)\i(j) this requirement leads to a set of 
differential equations which in a first step we can use to 
derive a set of ideal decay rates Ti^2{t)- In a second step, 
Eq. ([5]) allows us to relate those pulses to the actual ex- 
perimental control parameters Gi{t), A*(<), ujg{t), etc. 

As a specific example we plot in Fig. ^jp) the time- 
symmetric pulse r2(t) — Fi(— i), where Ti{t — t—tf/2) — 
Fo exp ( - cf 2 ) / ( 1 -Fo ^/^T/Ac Erf ( t ) ) , together with the 
resulting evolution of |ui,2(0P- Here, Fq = Fi(t = i//2) 
and c > 7rFg/4 are used to adjust the pulse such that 
\vi{tf)\'^ < 10~^. Fig. [2J;) shows the corresponding 
control pulses Gi^2{t) which can be used to actually 
implement the transfer protocol by adjusting the driv- 
ing strength for each cavity. Alternatively, we can use 
Eq. ([5| to identify a similar control pulse for Al'^{t) and 
vary the cavity frequencies a;*(i) T7]. In both cases the 
mutual dependence of Gi and A* must be taken into 
account and tuning the qubit frequencies ensures that 

Sit) = ulit) - ulit) + ei{t) - ut) = 0, Vi. 

Noise. Under realistic conditions the OMT adds noise 
to the system which is characterized by Ni k, No^i + 
Nca.sc,i- Here, iVcasc,i is defined below and A^o,i accounts 
for noise which is generated locally by each OM system. 
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The contribution ~ Tth arises from thermal excitations of 
the mechanical mode while the second term results from 
Stokes scattering events due to energy non-conserving 
terms as Gib\c\ in H^^^^- On resonance, i.e. A^ = uJr 
and (jjq ~ uj± , Eq. ^ is similar (but not identical) to the 
final occupation number in OM cooling experiments |181 
[TH] . Therefore, the requirements for ground state cooling, 
namely Tth /"fop ^ 1 and sideband resolved conditions 
G, K ^ ujj.^ are, in addition to 1 — ry <C 1, also sufficient 
to realize a low noise OM transducer with iVo <C 1. 

Noise photons generated at one node can propagate 
along the fiber and affect successive nodes, which is de- 
scribed by Ncasc,i- This contribution is absent for the 
first cavity and approximately given by Ncascii'^q) ~ 
2k/ ^j^j(c]((u;q)cj(iu;g))o otherwise, where Ci{uj) is the 
Fourier representation of Ci{t). For two nodes this leads 
to a small asymmetry between Ni (t) and N2 (t) as shown 
in Fig. [2J:), but in a larger network the scaling A"casc,i~ 
(i — l)xAo can limit the number of active nodes. This 
problem can be avoided by activating individual nodes 
selectively and one possible scheme to achieve this is out- 
lined below. Finally, we point out that for Ff/j — > noise is 
dominated by Stokes scattering. Since the Gi in different 
nodes are phase coherent this leads to non-trivial noise 
correlation effects which have not been included in the 
approximate form of £noisc given above. However, in the 
sideband resolved regime these effects only lead to cor- 
rections of order Gf/uj^, k'^/oj^ and they are fully taken 
into account in the following numerical simulations. 

To study the quantum state transfer |'!/'o)i|0)2 
|0)i|V'o)2 under realistic conditions we numerically sim- 
ulate the full master equation ^ for the control pulses 
described in Fig. [2] The resulting state transfer fidelity 
J" = (7/'o|Tri{p(t/)}|i/'o) averaged over all input states 
lipo) is plotted in Fig. [3^) for an ideal qubit and in Fig.[3]D) 
for qubits with a finite dephasing time T2. For small in- 
fidelities the results can be summarized as 



~ i - o '-I 



(7) 



where individual errors arise from intrinsic cavity losses, 
mechanical noise, Stokes scattering and the qubit dephas- 
ing, respectively. The numerical coefficients Ci ^ 0{1) 
(see Fig. [3]) depend on the specific control pulse and can 
be optimized for a given set of experimental parameters. 

Example. We consider a micro-toroidal cavity with a 
diameter d = 20 /.tm coupled to a doubly clamped SiN 
beam of dimensions (/,w,t) w (15, 0.05, 0.05) //m. Op- 
tical quality factors of > 2 x 10^ [20J correspond to 
ko/2tt < 50 kHz and /«//27r ~ 1 — 5 MHz can be ad- 
justed by the cavity-fiber separation. Depending on the 
tensile stress the first excited mechanical mode has a fre- 
quency of ujr/2'K « 5 — 50 MHz and a zero point motion 
flo w (1.6-0.6) X IQ-^^ m respectively At T = 100 mK a 
mechanical quality factor of Qm ~ 2 x 10^ corresponds to 
rth/2TT ^ 10 kHz and for these parameters the conditions 
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FIG. 3. a) State transfer fidelity obtained from a numerical 
simulation of Eq. Q for the control pulses shown in Fig. [2] 
and Ko = 0. b) The same plot for Tth = but including 
an exponential loss of qubit coherence ~ e"*''^^ during the 
transfer. From these two plots we extract the numerical co- 
efficients Ci ~ 4, C2 ~ 1.4 and C3 « 7.5, which appear in the 
approximate expression of T given in Eq. ([7|. 



Tth, ^ K <C for a high quality OMT are satisfied. 
For electronic spin qubits dephasing times approaching 
T2 « 10 ms have been demonstrated [H] and follow- 
ing Ref. [S] we estimate a magnetic coupling strength 
of X/2tt « 50 kHz. For superconducting charge qubits 
the electrostatic coupling can be substantially stronger, 
A/27r « 5 MHz [12], while in current experiments T2 = 2 
IIS [22]. The effective qubit splitting ujq required 
for the control pulse described in Fig. [2] can be engi- 
neered using microwave- assisted qubit-resonator coupling 
schemes [HfTT]- By choosing {K,uJr) = 2tt x (1,5) MHz 
for the spin and (k, Wr) — lirx (5, 50) MHz for the charge 
qubit we obtain in both cases « 0.85. This shows that 
state transfer fidelities > 2/3 required for quantum 
communication |23| can be achieved with present technol- 
ogy. Near unit fidelities F ~ 0.95 — 0.99 can be expected 
from further optimizations of the system design and con- 
trol pulses, or from communication protocols which, e.g., 
correct for photon loss errors [24) . 

In conclusion, we have described a universal approach 
for coherent light-matter interfaces based on OM trans- 
ducers. In Fig. |4]we outline the concept of a multi-mode 
OM transducer using interference to separate the control 
fields from the quantum channel. This enables selective 
activation of individual nodes to realize large scale solid 
state or hybrid quantum networks. Beyond quantum 
communication, various other applications for OMTs can 
be considered such as new approaches to engineer single 
photon non-linearites as well as optical readout and quan- 
tum measurement applications for optically non-active 
quantum systems. 
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FIG. 4. Scalable quantum networks based on multi-mode OM 
transducers. At each node the three cavities are modeled by 
He = X]n=i A„cJiC„ + J{c\cz -f H.c.) where J is the tunneling 
coupling of mode C3 with — (ci -I- C2)/\/2. The driving 
field applied through the 'control fiber' excites the asymmet- 
ric mode Ca — (ci — C2)/y/2 such that for Ai = A2 we obtain 
(ci) = — (02) = a and (ca) = 0. The motion of the resonator 
modulates Ai and induces a linearized OM coupling as given 
in Eq. Q with the empty mode c = {cs + C3)/\/2. Thereby, 
laser noise from the control fields does not affect the quantum 
channel and nodes can be selectively activated. The direction 
of the driving field is used to send photons into different di- 
rections to connect any two nodes of a large network. 
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